Introduction
In the past few decades, considerable efforts have led to the development of new sensors for fast, accurate, reproducible and selective determination of many important ions. 1, 2 The introduction of new ion selective electrodes (ISEs) has promoted fundamental developments in potentiometry. [3] [4] [5] [6] [7] Potentiometric detectors based on ISEs offer advantages such as selectivity, sensitivity, good precision, simplicity, wide linear concentration range and long lifetime. The key ingredient of poly(vinyl chloride) (PVC) membrane electrodes is the incorporated ionophore, which defines the selectivity of the electrodes via selective complex formation with the cation of interest. Silver ion is a precious metal ion, mainly due to its greater inertness. 8 The development of fast and selective techniques for the separation and determination of precious metal ions such as Ag + is of considerable economic and environmental concern. 9, 10 Thus, the quest for new neutral ionophores capable of specific and effective recognition of such metal ions is a topic of current interest. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Besides conventionally constructed electrodes, the coated wire electrodes (CWEs) have become attractive because of their simple fabrication, high dynamic range and enhanced possibility of miniaturization. Since the development of CWEs by Cattrall and Freiser, 26 several CWEs have been reported. [27] [28] [29] [30] [31] [32] [33] Recently, we have used neutral ionophores in the construction of CWEs for Hg 2+ , 34 Ni 2+ , 35 and Pb 2+ . 36 In the present paper, we report the use of Schiff-base N,N′-bis(2-thienylmethylene)-1,2-diaminobenzene as an excellent neutral ionophore for the preparation of a high selective CWE for the potentiometric determination of Ag + ion over a wide concentration range. In this Schiff base, nitrogen and sulfur atoms act as donor atoms and coordinate effectively with silver ions, because the soft heavy metal ions, such as Ag + , Pb 2+ and Hg
2+
, display great affinity to soft coordination centers like nitrogen and sulfur atoms.
according to the manufacturer's directions.
Synthesis of ionophore
The Schiff-base ligand of N,N′-bis(2-thienylmethylene)-1,2-diaminobenzene (BTMD) was synthesized in the usual manner by reaction of thiophene-2-carbaldehyde with phenylene-1,2-diamine in a 2:1 mol ratio in methanol as follows: thiophene-2-carbaldehyde (0.02 mol, 0.74 g) and phenylene-1,2-diamine (0.01 mol, 1.08 g) were placed in a 50 ml round-bottom flask equipped with a condenser and a magnetic bar. Methanol (20 ml) was then added to the mixture, and the mixture was refluxed for 3 h while stirring. The solvent was evaporated and the viscous ligand was kept under vacuum while heating gently. The viscous Schiff-base ligand of BTMD ( Fig. 1 ) was then solidified upon standing for a few days to obtain a brown product quantitatively with mp = 144 -145˚C. The structure of BTMD was confirmed by 1 H NMR and IR spectroscopy. 
Electrode preparation
The PVC membrane solution was prepared by through mixing of ionophore (BTMD, 6 mg), plasticizer (DBP, 57 mg), additive (OA, 12 mg) and powdered PVC (25 mg), in 5 ml of THF. The resulting mixture was transferred into a glass dish of 2 cm diameter and the solvent was evaporated slowly until an oily concentrated mixture was obtained. A platinum-wire, about 1 cm long and 1 mm in diameter with a spherical head, sealed into the end of a glass tube and soldered onto a shielded cable, was dipped into the membrane solution three times, and the solvent was evaporated each time at room temperature. A membrane was formed on the platinum surface; it was allowed to set for 2 h. The electrodes were then rinsed with water and finally conditioned by soaking in 1.0 × 10 -2 M AgNO3 solution for 24 h. The coating solutions are stable for several weeks and can be used for the construction of new membranes.
Results and Discussion

Response behavior
The BTMD as a carrier was found to be highly sensitive to Ag + with respect to several other metal ions. Therefore, we studied in detail the performance of membrane coated platinumwire electrode (MCPWE) containing this ionophore for Ag + in aqueous solutions. The interaction mechanism of BTMD with Ag + was studied. The Schiff-base ligand (0.50 g, 1.69 mmol) was dissolved in 20 ml of ethanol, and the solution was refluxed. To this hot solution was added silver nitrate (0.29 g, 1.69 mmol) dissolved in 20 ml of ethanol. Refluxing was continued for 2 h. When the solution was cooled, a solid crystalline material was obtained. This was filtered, washed with chloroform and dried in vacuum, and purified by recrystallization from ethanol. The IR spectra of silver complex, [Ag-BTMD]NO3, show a significant change in some important bands from the free Schiff-base ligand. For example, the free ligand exhibits a ν(C=N) stretch 1645 cm -1 . In the complex, this band shifted to lower frequency and appears at 1605 -1570 cm -1 , indicating the coordination of azomethine nitrogen to the Ag + . The ν(C-S) band appears at 865 cm -1 in the spectra of the ligand and is of medium intensity at 850 cm -1 in the spectra of the complex. This shift to a lower wavenumber suggested that the sulfurs are the bonding sites in the complex. The presence of several bands of medium intensity in the 3090 -2860 cm -1 region indicated the existence of C-H groups of the tetra dentate Schiff-base ligand.
Influence of membrane composition
It is well known that the selectivity, linear dynamic range and sensitivity obtained for a given ionophore depend significantly on the membrane composition and the nature of the solvent mediator and additives used. [1] [2] [3] [4] [5] [6] [7] Thus, the influences of some important features of PVC membrane such as the membrane composition, nature and amount of plasticizer and amount of oleic acid as lipophilic additives on the potential response of the silver electrodes were investigated; the results are summarized in Table 1 . Since the nature of plasticizer influences the dielectric constant of the membrane phase and the mobility of the ionophore molecules and its complex, 43, 44 it is expected to play an important role in determining the characteristics of the ion-selective electrode (ISE). Thus, two sets of membranes of similar composition (i.e., Nos. 8, 10 and 12 and Nos. 9, 11 and 13) but with three different plasticizers having different dielectric constants, namely, BA (ε = 5.1), DBP (ε = 8.5) and AP (ε = 17.4), were prepared and tested. As can be seen from Table 1 , among the three different plasticizers tried, the use of DBP and BA with lower relative dielectric constants in the series gives the larger response slopes than that of the higher relative dielectric constant AP. This is consistent with the literature that, in sensors for monovalent cations, the use of relatively non-polar membrane material can improve the cation response. 45 The DBP gives the best sensitivity among the three plasticizers, and therefore was used in all subsequent studies. The plasticizer/PVC ratios of 1.5 -2.4 were examined. The membrane prepared with a plasticizer/PVC ratio of about 2.3 was found to have the best sensitivity and the widest linear range. It is well known that the presence of lipophilic anionic sites in cation-selective membrane electrodes not only reduce the ohmic resistance 46 and improve the response behavior and selectivity 47, 48 but also, in cases where the extraction capability of the ionophore is poor, enhance the sensitivity of the membrane electrode. 45 Moreover, the lipophilic additives may catalyze the exchange kinetics at the sample-membrane interface. 49 In order to investigate the effect of anionic sites in the membrane system with DBP as plasticizer, we studied the influence of the OA concentration. As seen in Table 1 , the electrode without OA (No. 15) gives a response of 39.2 mV per decade in the Ag + ion activity range of 10 -6 -10 -1 M. However, the incorporation of this anionic additive into the membrane resulted in a Nernstian slope of 59.7 mV per decade (No. 8) in the Ag + ion activity range of 10 -6 -10 -1 M. In the present work, we found that the use of 12% OA resulted in a Nernstian behavior and improved linearity, selectivity and stability of the electrode responses. The amount of ionophore BTMD was also found to affect the sensitivity of the membrane electrodes (Nos. 4, 8 and 9). The sensitivity of the electrode response increases with increasing ionophore content until the value of 6% is reached (No. 8).
The blank membrane without ligand containing PVC, DBP and OA was also prepared (No. 14) and its potential response toward varying concentrations of Ag + ion was measured. As is obvious from Table 1 , a linear response for Ag + within the concentration range from 1.0 × 10 -5 to 1.0 × 10 -1 M and slope was non-Nernstian response (ca. 27.0 mV decade -1 ). Among the different compositions studied, the membrane incorporating 25% PVC, 57% DBP, 12% OA and 6% BTMD exhibits the best response characteristics. Therefore, this composition was used to study various operation parameters of the electrode, such as working concentration range, sensitivity, lifetime, response time and pH.
Response characteristics of the electrodes
The potential response of the optimized MCPWE to varying concentration of Ag + ions was examined. The calibration plot is shown in Fig. 2 ; it indicates a linear range from 1.0 × 10 -6 to 1.0 × 10 -1 M (R = 0.9991) with a Nernstian slope of 59.7 mV per decade of Ag + concentration. The practical limit of detection, defined as the concentration of silver ion obtained from the intersection of two extrapolated segments of the calibration graph, was about 6.0 × 10 -7 M. The optimum equilibration times for MCPWE in the presence of 1.0 × 10 -2 M silver nitrate was 24 h, after which the electrode would generate stable potentials in contact with silver solutions. The standard deviation of 22 replicate measurements at 1.0 × 10 -3 and 1.0 × 10 -4 M Ag + were ±0.47 and ±0.49 mV, respectively. The time required for the electrodes to reach a potential response within ±1 mV of the final equilibrium value after successive immersion in a series of Ag + solutions, each having 10-fold difference in concentration, was studied. The static response time of the electrode was found to be ≤ 17 s over the entire concentration range. The membrane electrode was used practically for two months without any significant change in response time, slope or detection limit.
The influence of pH of the test solution (1.0 × 10 -4 M AgNO3) on the potential response of the Ag + selective electrode was examined over the pH range of 2.5 -10.2. The pH was adjusted by introducing small drops of solutions of nitric acid or sodium hydroxide; the results are shown in Fig. 3 . As can be seen, the potential remained constant from pH 5.0 to 9.0. This implies that the proposed electrode can be used to measure a wide range of environmental and industrial water samples without pH adjustment. However, outside this range, the electrodes' responses change drastically. The observed drifts at higher pH values could be due to some silver hydroxide formation in sample solutions and the observed increases at low-pH values indicate that the membrane sensors respond to hydrogen ions.
Potentiometry selectivity
The selectivity behavior is obviously one of the important characteristics of ion-selective electrodes, determining whether reliable measurement in the target sample is possible. The selectivity of the proposed silver ion-selective electrodes over other cations (M n+ ) was important; their potential responses were investigated in the presence of a wide variety of interfering foreign cations using the mixed solution method (MSM). 50, 51 In this mixed solution method, the interfering ion at different concentrations was added to a 1.0 × 10 -3 M silver(I) ion solution, and the change of potential for each adding was recorded.
Then, the selectivity coefficients, K pot.
Ag,M , were evaluated based on the following equation:
where aAg is the activity of the primary ion, aM the activity of interfering ion with a charge of n, E1 the potential measured when only silver(I) ion is present, E2 the potential responsive to the primary ion in the presence of interfering ion and K pot.
Ag,M is the selectivity coefficient. According to Eq. Table 2 . The data given in Table 2 revealed that the selectivity coefficients obtained by the proposed electrode for all cations tested are on the order of 10 -3 , which indicated very good selectivity for Ag + ion against alkali, alkaline earth and some common transition metal ions. Such remarkable selectivity of the proposed Ag + ion-selective electrode over other metal ions reflects the high affinity of the sulfur and nitrogen coordination sites of the ionophore BTMD toward the Ag + ion and can be used successfully as a sensing agent for silver-selective electrodes. [37] [38] [39] [40] [41] [42] However, the soft heavy metal Hg 2+ is more likely to complex BTMD containing soft donor atoms such as S and N atoms. 52 This action would lead to some interference toward Ag + ions, although value of the corresponding selectivity coefficient for Ag + against Hg 2+ is still small. Therefore, the selectivity of the present ion-selective electrode is good enough to assure analytical applications. The conventional silver ionselective electrodes based on the calixarene derivatives and crown ether neutral carriers containing soft donor atoms, such as N and S atoms, often suffer from the strong interference by Hg 2+ . [53] [54] [55] It should also be noted that the present silver ionselective electrode did not suffer from the response of Na + , which is also troublesome in the measurement of biological fluids or sample containing a lot of salt, [37] [38] [39] [40] [41] 56 or that of Pb 2+ which is a major interfering ion for the determination of silver ions using the membrane electrodes based on neutral carriers containing soft donor atoms. 34, 55, 57 
Analytical applications
The proposed membrane electrodes were found to work well under laboratory conditions. The coated-wire electrode was used as an indicator electrode in the successful titration of an Ag + solution (50.0 ml, 1.0 × 10 -4 ) with an I -solution (1.0 × 10 -2 M). The resulting titration curve is shown in Fig. 4 . It is seen that the amount of silver ion can be accurately determined with the electrode. The electrode was also successfully applied to the direct determination of silver content of a piece of developed radiological film. To 2.0 g of the film sample was added 20 ml of 6.0 M HNO3 and the mixture was boiled for 30 min. The resulting mixture was then filtered and the filtrate was neutralized with 1.0 M sodium hydroxide solution and diluted to 50.0 ml with distilled water. The silver content of the final solution was determined by the proposed electrode using the standard addition method and also by atomic absorption spectrometry (AAS), as a reference method. The comparison of the results obtained from three measurements (1.40 ± 0.04)× 10 -3 M, and the certified value, (1.35 ± 0.03)× 10 -3 M, shows that the present electrode can be used in determination of Ag + in real samples.
Conclusion
The membrane coated platinum-wire electrode (MCPWE), prepared with N,N′-bis(2-thienylmethylene)-1,2-diaminobenzene (BTMD) under optimal PVC-membrane ingredients revealed a Nernstian response over a wide silver concentration range, fast response time, reproducibility and long lifetime. The present silver ion-selective electrode displayed very good selectivity for Ag + ion with respect to NH4 + and alkali, alkaline earth and some common transition metal ions. In particular the present Ag + -selective electrode exhibited very low responses toward Pb 2+ , which is the major interfering ion for the determination of silver ions using the conventional silver ion-selective electrodes based on neutral carriers containing soft donor atoms such as N and S atoms. 34, 55, 57 The electrode was used as an indicator electrode for determination of Ag + solution with I -solution. The membrane electrode was successfully applied to the determination of silver content in real samples. 
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